Nephrotoxic nephritis is mediated by Fcγ receptors on circulating leukocytes and not intrinsic renal cells  by Tarzi, Ruth M. et al.
Kidney International, Vol. 62 (2002), pp. 2087–2096
Nephrotoxic nephritis is mediated by Fc receptors on
circulating leukocytes and not intrinsic renal cells
RUTH M. TARZI, KEVIN A. DAVIES, MICHAEL G. ROBSON, LILIANE FOSSATI-JIMACK,
TAKASHI SAITO, MARK J. WALPORT, and H. TERENCE COOK
Division of Medicine and Department of Histopathology, Imperial College School of Medicine, Hammersmith Hospital,
London, England, United Kingdom, and Department of Molecular Genetics, Chiba University Graduate School of
Medicine, Chiba, Japan
Nephrotoxic nephritis is mediated by Fc receptors on circulat- Many forms of glomerulonephritis are initiated by de-
ing leukocytes and not intrinsic renal cells. position of antibodies to intrinsic or planted antigens in
Background. There is evidence that mesangial cells express the glomerulus. In the accelerated nephrotoxic nephri-Fc receptors in vitro, but the in vivo relevance of this is not
tis model mice are pre-immunized with sheep immuno-known. FcR/ mice lack the gamma chain signaling sub-
globulin, and several days later nephritis is induced byunit and therefore do not express the activator Fc receptors
(FcRI and FcRIII) or the high affinity IgE receptor, FcεRI. intravenous sheep anti-mouse glomerular basement mem-
FcR/mice were protected from renal inflammation follow- brane globulin. Mouse immunoglobulin is rapidly depos-
ing the induction of accelerated nephrotoxic nephritis using
ited in glomeruli, and glomerulonephritis follows withsheep anti-mouse glomerular basement membrane anti-serum
capillary thrombosis, crescent formation, albuminuria andin mice sensitized to sheep IgG.
Methods. In order to test whether Fc receptors had a role renal impairment. The binding of immune complexes to
on intrinsic renal cells during nephritis, bone marrow cells were activator Fc receptors has been shown to be critical in
transplanted between wild-type (WT) mice and mice with a many models of inflammation [1–3]. FcR chain deficientgene-targeted deletion of FcR. Donor marrow reconstitution
mice (FcR/) lack surface expression of both murinewas confirmed by flow cytometric analysis of peripheral blood
activator Fc receptors I and III, and the high-affinityfor FcRIII, and the susceptibility of the transplanted mice to
accelerated nephrotoxic nephritis was tested. IgE receptor (FcεRI) [4]. Several studies have shown that
Results. Following the induction of nephrotoxic nephritis, FcR/mice are protected from disease in accelerated
FcR/mice transplanted with WT bone marrow developed nephrotoxic nephritis [5–7].as much renal disease as WT mice transplanted with WT bone
Activator Fc receptors are widely expressed on circu-marrow. In contrast, WT mice transplanted with FcR/mar-
row were completely protected from glomerular crescents, throm- lating effector cells of the immune system, including neu-
bosis, albuminuria and renal impairment, as were FcR/ trophils, monocytes, macrophages and natural killer (NK)
mice transplanted with FcR/marrow. Mice with FcR/ cells. Cell activation follows receptor cross-linking, lead-
marrow had prolonged survival, but by day 28 after nephrotoxic
ing to degranulation, superoxide generation, cytokine re-serum injection they had developed mesangial hypercellularity
lease, phagocytosis and antibody-dependent cellular cyto-and a macrophage influx caused by non-FcR dependent mech-
anisms. toxicity by circulating effector cells. However, in certain
Conclusion. Despite previous evidence that mesangial cells circumstances, FcR expression on tissue cells also may
express Fc receptors in vitro, they have no role in an FcR- have important pro-inflammatory roles. For example,dependent model of glomerulonephritis in vivo.
FcR expression on epidermal mast cells has been shown
to have a prominent role in the Arthus reaction [8]. In
an Fc receptor-dependent model of cryoglobulinemic
skin vasculitis, disease was mediated via FcRIII expres-
sion on tissue mast cells rather than macrophages [9].
Mesangial cells are specialized vascular pericytes lo-
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cated between capillary loops within the glomerulus.mouse model, murine nephritis, kidney inflammation, phenotype, bone
marrow-derived cells. They are found in a subendothelial location adjacent to
the glomerular basement membrane. As such, they areReceived for publication March 27, 2002
well placed to interact with glomerular immune com-and in revised form July 8, 2002
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[10, 11]. Activation of cultured mesangial cells via Fc first incubated with K9.361 (murine anti-Ly17.2, gift of
C. Schiller, Hannover, Germany) in order to block FcRIIreceptors was found to cause the secretion of proinflam-
matory cytokines such as monocyte chemoattractant pep- [17]. Cells were then incubated with FITC-labeled 2.4G2
(rat anti-mouse FcRII/III; BD PharMingen, San Diego,tide-1 (MCP-1) [11–13], tumor necrosis factor- (TNF-)
[14], macrophage-colony stimulating factor (M-CSF) CA, USA). B cells were identified using PE-conjugated
B220 (pan-B cell marker; BD PharMingen). Monocytes[12, 13], and superoxide release [15]. These observations
led to the hypothesis that Fc receptors on intrinsic re- and granulocytes were gated by size and granularity, and
B cells were excluded by B220 staining.nal cells play an active role in glomerular inflammation.
In order to test this theory, we created bone marrow
Induction of accelerated nephrotoxic nephritischimeric mice with an intact FcR gene in their bone
marrow-derived cells but not on their tissue cells, or vice A sheep was immunized with lyophilized mouse glo-
meruli initially in complete and then incomplete Freund’sversa. We compared the susceptibility of these mice to
accelerated nephrotoxic nephritis with control wild-type adjuvant at monthly intervals. Nephrotoxic globulin was
prepared as described [18]. The concentration of sheep(WT) mice transplanted with WT marrow and FcR/
mice transplanted with FcR/ marrow. IgG in the nephrotoxic globulin was measured by radial
immunodiffusion against rabbit anti-sheep IgG, with nor-
mal sheep IgG for a standard curve (Sigma Chemical
METHODS
Co., St. Louis, MO, USA). The endotoxin content of the
Mice nephrotoxic serum measured using the BioWhitaker
1000 lipopolysaccharide (LPS) assay kit (BioWhitaker,FcR/mice were generated as previously described
[5]. C57BL/6 embryonic stem cells were used and the Walkersville, MD, USA) was less than 0.1 EU/mL.
Mice were immunized IP with 0.2 mg of sheep IgG inmice were kept on this background. Age and sex matched
C57BL/6 controls were purchased from Harlan Olac a 50:50 mix with complete Freund’s adjuvant (Sigma
Chemical Co.). Five to seven days later, the animals were(Bicester, UK) Ltd. All experiments were performed
according to institutional guidelines. injected with 0.2 mL nephrotoxic globulin via a tail vein.
Female mice were injected after five days rather than
Bone marrow transplantation seven owing to their greater susceptibility to anaphylaxis.
At selected time points between 4 and 28 days post-Bone marrow transplantation was undertaken using
C57BL/6 wild-type or FcR/ mice as donors and/or nephrotoxic serum injection, mice were anaesthetized IP
with midazolam and fentanyl, and exsanguinated beforerecipients. Same sex transplants were performed in order
to avoid mismatch for the HY antigen. Donor bone mar- harvesting the kidneys.
row was harvested from the femur, tibia and humerus
Histological studies and quantitative immunofluorescenceinto RPMI 1640 containing penicillin 100 U/mL, strepto-
mycin 100 g/mL and 10% fetal calf serum (FCS; Gibco Kidneys were fixed for two hours in Bouin’s solution,
transferred to 70% ethanol, processed to paraffin andLife Technologies Ltd., Paisley, UK). Recipient mice
were irradiated with 8 Gy and 107 cells of donor bone stained with periodic acid-Schiff (PAS) reagent. Glomer-
ular thrombosis was assessed by scoring glomeruli formarrow were injected into the tail vein in 0.2 mL me-
dium. During the following six weeks, mice were housed PAS positive material as follows: grade 0, no PAS posi-
tive material; grade 1, 0 to 25%; grade 2, 25 to 50%;in individually ventilated cages, with acidified water and
autoclaved diet. grade 3, 50 to 75%; grade 4, 75 to 100%. Fifty glomeruli
were scored per section, and the mean glomerular throm-
Characterization of FcR expression in bone marrow bosis score was calculated for each mouse. Glomerular
transplanted mice crescents were defined as glomeruli containing two or
more layers of cells in Bowman’s space (50 glomeruliEight weeks post-transplantation a blood sample was
taken from the tail vein and DNA was extracted using counted per sample, converted to percentage crescents).
For immunofluorescence, kidneys were embedded instandard techniques. Polymerase chain reaction (PCR)
to detect wild-type or recombinant DNA for the FcR OCT (CellPath, Powys, UK), snap frozen in isopentane
cooled with liquid nitrogen, and stored at 70C. Sec-gene was performed using three primers in a competi-
tive PCR as described [9]. To additionally confirm chi- tions of 5 m thickness were fixed in acetone for ten
minutes. FITC conjugated goat anti-mouse IgG (Fc-spe-merism, circulating leukocytes were stained for FcRIII
and analyzed using flow cytometry [16]. Briefly, periph- cific; Sigma Chemical Co), FITC conjugated rabbit anti-
human fibrinogen (which cross-reacts with mouse fibrin-eral blood was taken into 5% ethylenediaminetetraacetic
acid (EDTA), washed and resuspended in phosphate ogen; Dako, Glostrup, Denmark) and FITC conjugated
goat anti-mouse C3 (ICN Biomedicals Inc.) were used forbuffered saline (PBS)-1% bovine serum albumin (BSA;
ICN Biomedicals Inc., Aurora, OH, USA). Cells were immunofluorescence studies. All antibodies were used at
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Table 1. Accelerated nephrotoxic nephritis in non-transplanteda dilution of 1:200 (except anti-C3 used at 1:50), and
mice: 10 mg nephrotoxic serum (NTS)
incubated for one hour at room temperature. For quanti-
WTtative immunofluorescence, sections were examined at
control WT FcR/
100 magnification using an Olympus BX4 fluorescence
Dose of NTS mg 0 10 10microscope (Olympus Optical, London, UK) and a Pho-
Days post-NTS N/A 7d 7
tonic Science Color Coolview camera (Photonic Science, Sex F F F
N mice developing disease 0/12 8/8 0/9Robertsbridge, UK). Samples from each experiment
% Crescents 00 316a 00were measured together. The mean intensity of twenty
Glomerular thrombosis score 00 3.20.1a 00
glomeruli for each sample was recorded in arbitrary flu- Macrophages/gcs 0.10.01 1.20.2b 0.80.4
Serum creatinine lmol/L 512.0 16612a 503orescence units (AFU).
Serum albumin g/L 321 191c 301For immunoperoxidase staining for cell markers, kid-
Serum anti-sheep IgG relative OD 0.09 0.880.1 0.860.1
neys were fixed for four hours in periodate lysine para-
Abbreviations are: N/A, not applicable; WT, wild-type; gcs, glomerular crossformaldehyde, washed overnight in 13% sucrose in PBS section; OD, optical density.
a P  0.001 compared with FcR/and frozen in isopentane cooled with liquid nitrogen.
b P 	 0.05 compared with FcR/, P  0.01 compared with controlSections of 5m thickness were stained for macrophages c P  0.05 compared with FcR/
d One mouse was sacrificed at day 5with FA11 (monoclonal rat anti-mouse CD68; Serotec,
Oxford, UK) and for CD4 positive cells with GK1.5 (BD
PharMingen, San Diego, CA, USA). Polyclonal mouse
to determine the optimum dilution for the ELISA. Theanti-rat IgG was used as a secondary, and rat peroxidase-
samples were then tested at the optimal dilution togetheranti-peroxidase as a tertiary antibody (Jackson Immu-
with a ‘standard curve’ of dilutions of a known positivenoResearch Laboratories, West Grove, PA, USA). The
sample to ensure that the readings were not saturated.slides were developed in diaminobenzidine and counter-
Following washing, 50 L goat anti-mouse IgG (Fc spe-stained with hematoxylin (Sigma Diagnostics). For FcRIII
cific) conjugated to alkaline phosphatase (Sigma Chemi-staining of kidney sections, the tissue was first blocked
cal Co.) diluted in PBS-1% BSA/0.075% Tween waswith K9.361 (murine anti-Ly17.2; gift of C. Schiller, Han-
added to each well for one hour. The OD at 405 nm wasnover, Germany [17]) in order to block FcRII, and
measured using p-nitrophenyl phosphate as the substratethen stained with 2.4G2 (rat anti-mouse FcRII/III; BD
(Sigma Chemical Co.).PharMingen). Secondary and tertiary antibodies were
the same as for the macrophage staining.
Statistics
Serum creatinine, albumin and albuminuria Results are expressed as mean  SE. Non-parametric
tests of significance were applied throughout. For com-Serum creatinine and albumin were measured in the
paring two groups, the Mann-Whitney U test was used.Department of Chemical Pathology, Hammersmith Hos-
For groups of three or more, the Kruskal-Wallis test waspital. Serum albumin was analyzed using the bromocre-
used, with Dunn’s multiple comparisons test (P valuessol green method and serum creatinine was measured
given are from Dunn’s test). GraphPad Prism (GraphPadusing an Olympus AU640 autoanalyzer (method OSR
Software, San Diego, CA, USA) was used to analyze6902). Individual 24-hour collections of urine were per-
the data. Differences were considered significant whenformed using metabolic cages, with free access to food
P  0.05.and water. The urinary albumin concentration was mea-
sured by radial immunodiffusion as previously described
[18]. In one experiment (stated in the text), Haemacom- RESULTS
bistix (Bayer Diagnostics, Newbury, UK) were used to
FcR deficiency protected against acceleratedassess proteinuria, as it was not possible to place mice
nephrotoxic nephritisin metabolic cages.
Accelerated nephrotoxic nephritis was simultaneously
Measurement of the murine anti-sheep IgG induced in wild-type (WT) and FcR/mice (Table 1).
immune response All the WT mice developed renal disease, but the
FcR/ mice remained healthy. One wild-type mouseEnzyme-linked immunosorbent assay (ELISA) plates
was sacrificed on day 5 due to renal disease, and the rest(Nunc Maxisorb; Gibco Life Technologies) were coated
were sacrificed day 7 post-nephrotoxic serum injection.overnight at 4C with 100 g/mL of sheep IgG (Sigma
The WT mice developed glomerular crescents, glomeru-Chemical Co.) in PBS. Plates were blocked with PBS-3%
lar capillary thrombosis and renal failure, while the kid-BSA (ICN Biomedicals Inc.) for one hour at 37C. Serum
neys of the FcR/ mice were virtually normal, withsamples diluted in PBS-1% BSA/0.075% Tween were
a mild macrophage influx only (Table 1). The wild-typeadded to wells for one hour at 37C. For each experiment
a range of serum dilutions was tested for selected samples mice had hypoalbuminemia, but the serum albumins of
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Fig. 1. Flow cytometric profiles of peripheral
blood monocytes/granulocytes from wild-type
(A) and FcR/ (B), and bone marrow trans-
planted mice (C, WT donor and FcR/
recipient; D, FcR/ donor and WT recipi-
ent) stained for FcRIII. FcRII was first
blocked with murine anti-Ly17.2 (anti-FcRII),
and then FITC-conjugated 2.4G2 (anti-FcRII/
III) was used to stain FcRIII. Monocytes and
granulocytes were gated by size and granular-
ity, and B cells were excluded by B220 stain-
ing. The percentages indicate the proportion
of cells staining positively as indicated by the
marker. Eight weeks post-transplant, the ma-
jority of the circulating cells from the trans-
plants were of the donor phenotype.
Table 2. Accelerated nephrotoxic nephritis in transplanted mice:the FcR/mice were preserved. There was no differ-
10 mg NTS
ence in the serum anti-sheep IgG levels between WT
Donor WT WT FcR/and FcR/ mice as measured by ELISA. Deposited
Recipient WT FcR/ FcR/glomerular mouse immunoglobulin fluorescence inten-
Dose of NTS mg 10 10 10sity also was the same for both groups, indicating no sub-
Days post-NTS 4 4 4
stantial defect of the immune response of the FcR/ Sex M M M
N mice developing disease 7/7 7/7 0/5mice. These results indicate that FcR/ mice were
% Crescents 6.60.7a 4.00.6a 00protected from accelerated nephrotoxic nephritis in our
Glomerular thrombosis score 2.10.2a 2.10.2a 00
model. Macrophages/gcs 1.20.1c 0.90.1c 1.20.3
Serum creatinine lmol/L 10619b 21728a 502
Serum albumin g/L 171a 181b 230.8Generation of bone marrow chimeric mice
Serum anti-sheep IgG relative OD 0.90.1c 0.70.1c 1.00.1
The bone marrow transplantation protocol used was
a P  0.01 compared with FcR/ to FcR/ transplantassociated with less than 5% mortality. Donor bone mar- b P  0.05 compared with FcR/ to FcR/ transplant
c P 
 NS compared with FcR/ to FcR/ transplantrow reconstitution was confirmed by PCR of DNA ex-
tracted from peripheral blood, and flow cytometric anal-
ysis of peripheral blood leucocytes for FcRIII expression.
PCR analysis showed that at least 90% of the peripheral
induced with 10 mg of nephrotoxic serum to pre-immu-blood leukocytes were of donor origin eight weeks post-
nized mice. While the mice with WT marrow becametransplantation (data not shown). Peripheral blood leu-
unwell, the FcR/ mice transplanted with FcR/kocytes from the transplanted mice also were stained
marrow remained healthy. At Day 4 post-disease induc-for FcRIII at 8 to 12 weeks post-transplantation, dem-
tion, there was glomerular thrombosis in both WT miceonstrating that the majority of the circulating leukocytes
transplanted with WT marrow and FcR/mice trans-were of the donor phenotype (Fig. 1).
planted with WT marrow, but there was no thrombosis in
Wild-type bone marrow transplantation restored the FcR/ mice transplanted with FcR/ marrow
susceptibility of FcR/ mice to accelerated (P  0.01; Table 2 and Fig. 2A). These results were
nephrotoxic nephritis confirmed by direct immunofluorescence for fibrin on
glomeruli (data not shown). Dipstick urinalysis immedi-A cohort of FcR/ mice (N 
 7) was transplanted
ately prior to sacrifice showed 3 to 20 g/L proteinuria inwith wild-type bone marrow. As controls, WT mice were
all the mice transplanted with WT marrow, while all oftransplanted with WT marrow (N 
 7) and FcR/
the FcR/ mice transplanted with FcR/ marrowmice with FcR/marrow (N
 5). Twelve weeks after
bone marrow transplantation, nephrotoxic nephritis was had 0.3 g/L proteinuria or less. Accordingly, the serum
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Fig. 2. Renal disease of bone marrow trans-
planted mice day 4 post-induction of glomeru-
lonephritis with 10 mg nephrotoxic serum IV.
(A) Glomerular thrombosis score of PAS
stained kidney sections. (B) Serum albumin
(g/L) at day 4. (C) Glomerular mouse IgG dep-
osition assessed by quantitative immunofluo-
rescence (AFU, arbitrary fluorescence units);
(D) glomerular C3 deposition assessed by quan-
titative immunofluorescence of frozen tissue
sections. *P  0.05, **P  0.01, Kruskal-Wal-
lis test.
albumins of the WT mice transplanted with WT marrow for a non-immunized mouse tested simultaneously was
negative at 0.08.and FcR/ mice transplanted with WT marrow were
To compare mice at a later time point in the diseasesignificantly lower than those of FcR/ mice trans-
(day 8), a second experiment was performed comparingplanted with FcR/ marrow (P  0.05; Fig. 2B). The
WT mice transplanted with WT marrow (N 
 8) withserum creatinine levels of the FcR/ mice trans-
FcR/ mice transplanted with WT marrow (N 
 8)planted with FcR/ marrow were normal (50 
using a lower dose (5 mg) of nephrotoxic serum (Table2 mol/L). Wild-type mice transplanted with WT mar-
3). Mice in both groups developed renal disease, androw had renal impairment (106  19 mol/L), as did
there was no significant difference in the degree of glo-the FcR/ mice transplanted with WT bone marrow
merular thrombosis (P 
 1.0), glomerular crescent for-(217 28mol/L; P	 0.05). There was modest glomeru-
mation (P
 0.6), albuminuria (P
 0.6), or renal impair-lar C3 deposition in a granular mesangial distribution in
ment (P 
 0.5) between the two groups. There was noall three groups of mice (Fig. 2D).
difference in the quantitative immunofluorescence forSince the accelerated nephrotoxic nephritis model de-
mouse IgG deposited on glomeruli or the circulatingpends on an intact immune response to sheep IgG, it
mouse anti-sheep IgG (Table 3). Histology from this
was important to establish that mice with FcR/ bone experiment is shown in Figure 3 A and C. The results
marrow had developed an equivalent immune response confirm the finding that WT marrow is able to fully
to mice with WT bone marrow. Levels of glomerular reconstitute disease susceptibility in this model, without
deposited mouse IgG were determined by quantitative the need for FcR expression in intrinsic renal cells.
immunofluorescence on frozen sections of the Day 4
kidneys (Fig. 2C). There was no difference in the depos- Mice lacking expression of FcR on circulating
leukocytes were completely protected fromited levels as assessed by this method. To confirm these
disease at day 8results, circulating mouse IgG titers against sheep IgG
were measured by ELISA, using serum taken at the end To detect a minor role for Fc receptors on intrinsic
of the experiment. There was no difference in the OD450 renal cells, it was important to see whether the disease
could be completely ameliorated by replacing WT mar-for the three groups (Table 2) and the control level
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Table 3. Accelerated nephrotoxic nephritis in transplanted mice: 5 mg NTS
Control
Donor irradiated  WT WT FcR/ FcR/
Recipient transplantedd WT FcR/ WTe WT FcR/
Dose of NTS mg 0 5 5 5 5 5
Days post NTS N/A 8 8f 8 8 8
Sex M/F M M M M M
N mice developing disease 0/12 7/8 7/8 3/3 0/10 0/6
% Crescents 00 184 164 248 00a 00a
Glomerular thrombosis score 00 1.20.3 1.30.4 0.80.3 00b 00b
Macrophages/gcs 0.10.1 2.10.5 2.40.3 1.30.3 0.90.2c 1.10.7c
Serum creatinine lmol/L 531 618 647 7829 451c 473c
Serum albumin g/L 311 172 162 220.5 281c 261c
Albuminuria day 7 mg/24 h 0.10.1 166 229g 164 0.10.1a 0.10.1a
Serum anti-sheep IgG relative OD 0.10 1.20.1 1.10.1 0.70.1 0.70.1c 1.00.2c
N/A, not applicable.
a P  0.01 compared with WT
b P  0.05 compared with WT
c P 	 0.05 compared with WT
d Mice 12 weeks post-transplant, not induced with nephritis
e Non-transplanted WT controls, induced with nephritis
f Two mice in this group sacrificed on day 4 due to renal disease
g Three of eight mice in this group did not have urine collections due to renal disease
row with FcR/ bone marrow cells. Nephritis was
induced using 5 mg nephrotoxic serum in WT mice trans-
planted with FcR/marrow (N
 10) and in FcR/
mice transplanted with FcR/marrow (N
 6). Wild-
type non-transplanted mice were immunized and in-
jected simultaneously as positive disease controls (N 

5). Two of five of the wild-types died of anaphylaxis
within an hour of the NTS injection and were excluded
from the analysis. At day 8 post-disease induction, nei-
ther the FcR/ mice transplanted with FcR/
marrow nor WT mice transplanted with FcR/ mar-
row had significant albuminuria as compared with the
WT mice (N 
 3), which all had heavy albuminuria
(Table 3 and Fig. 4A). WT mice developed glomerular
crescents in 24  8% of glomeruli, while there were no
crescents in the mice with FcR/ marrow (P  0.05;
Fig. 3 B, D, and Fig. 4B). Wild-type mice developed
Fig. 3. Representative histology of PAS stained kidney sections at day
glomerular thrombosis, while both FcR/mice trans- 8 post-induction of glomerulonephritis with 5 mg nephrotoxic serum IV
to bone marrow transplanted mice. (A) Wild-type (WT) marrow trans-planted with FcR/marrow and WT mice transplanted
planted to WT mouse. (B) FcR/ marrow transplanted to FcR/with FcR/ marrow were completely protected (P 
mouse. (C) WT marrow transplanted to FcR/mouse. (D) FcR/
0.05; Table 3). There was no significant difference in the marrow transplanted to WT mouse. There was crescent formation and
thrombosis of glomerular capillaries in mice transplanted with WTdeposited glomerular mouse IgG (Fig. 4C), or in the
marrow. The kidneys of the mice transplanted with FcR/ marrowcirculating anti-sheep IgG levels (Table 3).
were virtually normal at day 8 post-nephritis induction.
FcR/ mice developed mesangial hypercellularity
by day 28 post-disease induction, which was not
influenced by WT intrinsic renal cells (glomerular thrombosis score 1.90  0.3, % crescents
To look at the longer term effect of activator Fc 10.5  2%, serum albumin 13.3  2 g/L; N 
 8). Wild-
receptors on mesangial cells in nephritis, WT mice trans- types had albuminuria (9.1  3.7 mg/24 h) at day 7, but
planted with FcR/ marrow were kept until day 28 there was no albuminuria in the FcR/ mice trans-
post-disease induction (N 
 8) along with FcR/ planted with FcR/ marrow (0.03  0.01 mg/24 h)
mice transplanted with FcR/marrow (N
 5 female or WT mice transplanted with FcR/marrow (0.04
mice). Control WT mice immunized and injected con- 0.01 mg/24 h) (P 	 0.05). By day 28 post-disease induc-
tion there was still minimal albuminuria in FcR/temporaneously were killed on day 7 due to renal disease
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marrow and 28  1 g/L for WT mice transplanted with
FcR/ marrow (P 	 0.05). Serum creatinine levels
at day 28 remained within the normal range (44  4
mol/L for FcR/ mice transplanted with FcR/
marrow and 38  1 mol/L for WT mice transplanted
with FcR/ marrow (P 	 0.05). However, histology
now showed increased mesangial matrix and hypercellu-
larity in both groups of mice. Also, there was a substantial
macrophage influx (FcR/ mice transplanted with
FcR/ marrow 6.6  2 macrophages/gcs and WT
mice transplanted with FcR/marrow 4.6 1 macro-
phages/gcs, P 
 0.3; Fig. 5). There was also an influx of
CD4T cells: 0.4 0.1/gcs (FcR/mice transplanted
with FcR/ marrow) and 0.4  0.1/gcs (WT mice
transplanted with FcR/ marrow), compared with
0.04  0.01/gcs for unmanipulated mice.
Frozen tissue sections were stained for FcRIII using
a three-layer immunoperoxidase technique. Wild-type
nephritic animals (day 8) had positive staining in a similar
distribution to the macrophage influx (not shown). How-
ever, no residual FcRIII staining was seen on the in-
trinsic glomerular cells at day 8 or day 28 post-nephri-
tis induction in mice with WT intrinsic renal cells but
FcR/ bone marrow.
DISCUSSION
In a model of murine accelerated nephrotoxic nephri-
tis, we found that glomerular thrombosis, fibrin deposi-
tion, crescent formation and renal impairment were
dependent on FcR expression. These results are in
agreement with previous studies, demonstrating that Fc
receptors play an important role in the pathogenesis of
nephritis [5–7]. Circulating sheep and mouse immuno-
globulin rapidly deposit on the glomerular basement
membrane following injection of nephrotoxic serum to
a pre-immunized mouse. Using bone marrow trans-
plantation, we have addressed the question of whether
Fc receptors on mesangial cells recognize these immuneFig. 4. Accelerated nephrotoxic nephritis day 8 post-nephrotoxic se-
complexes and activate the cells causing renal inflamma-rum injection (5 mg) in bone marrow transplanted mice and wild-type
controls. (A) Albuminuria mg/24 h. (B) Percent of glomerular crescents tion. Up to day 8 post-nephrotoxic serum injection there
(N
 50). (C ) Quantitative immunofluorescence for deposited glomeru- was no evidence of a role of glomerular mesangial cellslar mouse IgG. WT mice transplanted with FcR/ marrow were pro-
in this process where it was entirely dependent on FcRtected from disease. *NS, no significant difference.
expression on circulating leukocytes. At 28 days post-
induction of nephritis, there was still no effect of wild-
type intrinsic renal cells on disease outcome in mice
mice transplanted with FcR/ marrow (0.08  0.02 transplanted FcR/marrow. Due to the acute nature
mg/24 h; range 0.04 to 0.15) and WT mice transplanted of the model, it was not possible to maintain mice with
with FcR/ marrow (0.19  0.04 mg/24 h, range 0.05 wild-type bone marrow but FcR/ intrinsic renal cells
to 0.39). There was a trend toward slightly higher albu- until day 28 post-nephrotoxic serum induction. There-
minuria at day 28 in the mice with WT intrinsic renal fore, it is impossible to absolutely exclude a role for
cells, but this did not reach statistical significance (P 
 mesangial cell Fc receptors in the presence of normal
0.07) and there was no significant difference in the serum infiltrating inflammatory cells at day 28 post-nephrotoxic
albumin levels between the two groups: serum albumin serum injection.
There is clear evidence that mesangial cells in culture25 1 g/L for FcR/mice transplanted with FcR/
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Fig. 5. Representative histology showing PAS stained glomeruli (A–C ) and glomerular immunoperoxidase staining for macrophages (brown cells)
counterstained with hematoxylin (D–F). A and D show glomeruli from a non-nephrotic mouse three months after bone marrow transplant. B and
E depict glomeruli from an FcR/ mouse transplanted with FcR/ marrow day 28 after nephrotoxic serum injection (5 mg IV); mesangial
matrix deposition, hypercellularity and macrophage influx can be seen. C and F glomeruli are from a WT mouse transplanted with FcR/ marrow,
showing mesangial matrix deposition, hypercellularity and a macrophage influx at day 28 after nephrotoxic serum injection (5 mg IV).
express Fc receptors when stimulated with LPS or inter- renal cells in vivo are either not present or not physiologi-
cally important in this process.feron- (IFN-), and that stimulation of these cells via
Recent studies have suggested that bone marrow-Fc receptors results in the production of pro-inflamma-
derived stem cells may differentiate into glomerular mes-tory cytokines. IFN- is known to play an important role
angial cells [21]. If mesangial cells were replaced by bonein murine accelerated nephrotoxic nephritis [19]. These
marrow-derived stem cells to a significant degree, thisdata suggested that mesangial cell activation through
might influence the validity of our results. Ito et al trans-Fc receptors might be important in immune-mediated
planted bone marrow from rats carrying enhanced greeninflammatory renal disease. Hora et al found that cul-
fluorescent protein (EGFP) into wild-type rats [22]. Priortured mesangial cells from BALB/c mice bound radio-
to the induction of nephritis, few glomerular cells expressedlabeled IgG2b, but not F(ab)2 fragments, indicating spe-
EGFP. Mesangial cells were then specifically damaged,cific binding of the Fc portion of IgG to the cells [12].
using an antibody against Thy-1, a surface marker onmRNA from the cultured mesangial cells hybridized with
mesangial cells. In this model, mesangial cells are killed
a cRNA probe for murine FcRIII. Similarly, rat mesan-
and then regenerate. Only 7 to 8% of regenerated mesan-
gial cells bound aggregated IgG2b, and this binding could gial cells were replenished from the bone marrow. Poul-
be blocked by 2.4G2, a monoclonal antibody against som et al transplanted bone marrow from male to female
mouse Fc receptors II and III [20]. In humans, Radeke mice, and found a small proportion of bone marrow-
et al detected mRNA for FcRI and III in mesangial derived cells in the glomeruli, but these had the morpho-
cells stimulated with LPS and IFN- [10, 11]. Neverthe- logical and staining characteristics of podocytes rather
less, direct in vivo evidence for Fc receptor expression than mesangial cells [23]. Therefore, it is unlikely that
is lacking, either in humans or rodents. The present study more than 10% of the mesangial cells were replaced by
indicates that Fc receptors on mesangial cells do not bone marrow-derived cells during our experiments.
play a role in immune complex-induced inflammation in Our results demonstrate that Fc receptors on circulat-
ing cells are critical in mediating disease in this modelthe kidney. This implies that Fc receptors on intrinsic
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of glomerulonephritis. Possible mechanisms include a mesangial changes. We are currently investigating the
defect in the immune response in the FcR/ mice, or mechanisms that lead to macrophage accumulation in
defective effector responses in one or more pro-inflam- the absence of activator Fc receptor expression.
matory circulating cell type. We did not find any defect In summary, the FcR-dependent disease phenotype
in the humoral immune response to sheep IgG of the in accelerated nephrotoxic nephritis relies exclusively on
FcR mice, with deposition of large quantities of immu- Fc receptors on circulating bone marrow-derived cells
noglobulin on the glomerular basement membrane. Park and not on intrinsic renal cells.
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zation, which may explain why no difference in the hu-
moral response was found in our model. T and B cell
development are normal in FcR/ mice [4, 24], but APPENDIX
Fc receptors increase the efficiency of uptake and presen- Abbreviations used in this article are: AFU, arbitrary fluorescence
tation of antigen to T cells by antigen presenting cells units; EGFP, enhanced green fluorescent protein; gcs, glomerular cross
section; GM-CSF, granulocyte macrophage-colony stimulating factor;[25–27].
IFN-, interferon-; LPS, lipopolysaccharide; MCP-1, monocyte che-Macrophages are thought to be important in this moattractant protein-1; M-CSF, monocyte-colony stimulating factor;
model of immune injury. For example, Kitching et al NS, no significant difference; NTS, nephrotoxic serum; TNF-, tumor
necrosis factor-; WT, wild-type.found that mice deficient in GM-CSF, and therefore
deficient in macrophages, were protected from accel-
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